Introduction {#s02}
============

Regulation of mRNA stability and translation plays an important role in controlling gene expression. Newly transcribed mRNAs bind to a plethora of RNA-binding proteins (RNA-BPs) to assemble RNP particles, the protein components of which influence the mRNP subcellular localization, as well as their rates of translation and decay. In cells subjected to adverse conditions, inhibition of translation initiation leads to the accumulation of stalled translation preinitiation complexes (PICs) that condense to form non--membrane-enclosed foci known as stress granules (SGs; [@bib49]; [@bib15]; [@bib48]). The corecruitment of proteins that regulate cell signaling helps cells to survive exposure to unfavorable environmental conditions ([@bib53]).

SGs belong to a class of diverse subcellular entities known as RNA granules ([@bib2]). Examples of RNA granules connected to mRNA metabolism include SGs, processing bodies (P bodies), and neuronal granules. Their classification is mostly based on their localization, composition, and proposed functions. SGs, perhaps the most well-characterized members of the family, have been implicated in the pathogenesis of many diseases including cancer, neurodegeneration, inflammatory disorders, and viral infections ([@bib111], [@bib112]; [@bib64]; [@bib4]; [@bib14]). Thus mechanistic details of SG assembly/disassembly and resulting effects on cell signaling and survival programs will lead to a better understanding of the underlying disease pathology.

SGs are cytoplasmic foci assembled when untranslated mRNPs accumulate in cells subjected to biotic stress (e.g., viral infections; [@bib68]; [@bib109]; [@bib108]) or environmental stress (e.g., oxidation, heat, and starvation; [@bib1], [@bib2], [@bib3]; [@bib15]). Their formation is tightly connected to the disassembly of translating polysomes: an increase in the fraction of untranslated mRNAs favors SG assembly, whereas an increase in the fraction of translated mRNAs (in polysomes) favors SG disassembly ([@bib50]). Mechanistically, the polysome/SG dynamics is achieved by regulating the activities of eukaryotic initiator factor 2 (eIF2), the cap-binding eIF4F complex (consisting of eIF4E, eIF4A, and eIF4G), or both. These complexes serve as early checkpoints in the regulation of translation initiation and concomitantly modulate SG formation.

During translation, most mRNAs are circularized by interactions between eIF4G at its 5′ end and poly(A)-binding protein (PABP) at its 3′ poly(A) tail ([Fig. 1 A](#fig1){ref-type="fig"}; [@bib92]; [@bib45]). Recruitment of eIF4F to the 5′ cap of mRNA is a translational checkpoint under stringent control of mechanistic target of rapamycin (mTOR), a serine/threonine kinase that couples cellular metabolism to protein synthesis. Under optimal growth conditions, mTOR constitutively phosphorylates eIF4E-binding protein (4E-BP) to prevent it from binding to eIF4E and inhibiting translation. In cells subjected to metabolic stress (e.g., amino acid starvation), inactivation of mTOR results in the accumulation of hypophosphorylated 4E-BP, which binds eIF4E and inhibits translation ([@bib86]). By blocking eIF4F assembly, eIF4E:4E-BP complexes inhibit translation initiation and prevent polysome assembly. The resulting noncanonical PICs that lack factors required to initiate translation seed the assembly of SGs ([Fig. 1](#fig1){ref-type="fig"} B1).

![**Model of canonical and noncanonical PIC formation under various conditions.** Note that the diagram is not time resolved, and hence some depicted interactions may not occur simultaneously or be competitive. (A) Assembly of the 48S PIC during normal conditions. The ternary complex joins the 40S ribosomal subunit and forms a 43S preinitiation complex. The eIF4F complex (eIF4E, eIF4A, and eIF4G) binds together with eIF4B to the 5′ cap of the mRNA. The eIF4F-bound mRNA associates with the 43S PIC, and then scans to the AUG start codon, where 48S PIC formation occurs. (B) Formation of noncanonical PICs during various stress conditions. Here, we depict three different signaling pathways that assemble noncanonical PICs: (1) mTOR inhibition by sodium selenite, amino acid (AA) starvation, rapamycin, or oxidative stress (H~2~O~2~), which leads to hypophosphorylation of 4E-BP, which then interacts with eIF4E and blocks translation initiation; (2) various stresses activate distinct eIF2α kinases that phosphorylate eIF2α, deplete the ternary complex, and promote the assembly of a noncanonical PIC; and (3) compounds such as pateamine A, 15-deoxy-Δ(12,14)-prostaglandin J2 (15d PGJ2), hippuristanol, silvestrol, or tiRNA target the eIF4F complex, also creating a noncanonical PIC. These noncanonical PICs differ from canonical PICs in composition and exposure of the 40S subunit interface and mRNA. These interfaces recruit RNA-BPs such as G3BP and TIA-1/R, increasing the local concentration of these proteins to promote LLPS and assembly of SG seeds. Figure modified from [@bib43].](JCB_201609081_Fig1){#fig1}

Assembly of the eIF2/GTP/tRNA~i~^Met^ ternary complex that delivers initiator tRNA~i~^Met^ to the 40S ribosomal subunit is another checkpoint of translation initiation. The ternary complex and the mRNA/eIF4F complex combine with the 40S ribosomal subunit before the recruitment of the 60S ribosomal subunit to initiate protein synthesis. Under stress conditions, eIF2 is a substrate for one of four stress-sensing serine/threonine kinases (heme-regulated eIF2α kinase \[HRI\], general control nonderepressible 2 \[GCN2\], protein kinase R \[PKR\], and PKR-like ER kinase \[PERK\]) that phosphorylate serine residue 51 of eIF2α ([@bib107]; [@bib88]; [@bib35]; [@bib67]). Phosphorylated eIF2α (ph-eIF2α) inhibits efficient GDP-GTP exchange, leading to a decrease in levels of translationally competent ternary complexes, and inhibits translation initiation. Because eIF2α phosphorylation does not affect translation elongation ([@bib84]), ribosomes already engaged in translation "run off" the mRNA, leading to polysome disassembly and accumulation of noncanonical 48S PICs that lack charged tRNA~i~^Met^ and early initiation factors eIF2 and eIF5. The influx of stalled 48S complexes leads to SG assembly ([Fig. 1](#fig1){ref-type="fig"} B2; [@bib51]).

Although phosphorylation of eIF2α is a major trigger of SG formation, ph-eIF2α--independent triggers of SG assembly have also been described. These triggers can be divided into two classes. Examples of the first class, which inhibits the function of the RNA helicase eIF4A, include (a) 15-deoxy-Δ(12,14)-prostaglandin J2, a natural lipid inflammatory mediator belonging to a class of prostaglandins that bind to eIF4A and block its interaction with eIF4G ([@bib57]); (b) pateamine A, a metabolite isolated from the sea sponge *Mycale sp*. that dissociates eIF4A from eIF4G by inhibiting eIF4A helicase or ATPase activities ([@bib7]; [@bib23]); (c) hippuristanol, a steroid isolated from the coral *Isis hippuris,* that allosterically inhibits eIF4A and reduces ATPase, helicase, and RNA-binding activities ([@bib8]; [@bib97]; [@bib18]); and (d) silvestrol, a rocaglate isolated from the plant genus *Aglaia*, that stimulates the RNA-binding and helicase activities of eIF4A, resulting in sequestration of eIF4A from the eIF4F complex ([Fig. 1](#fig1){ref-type="fig"} B3; [@bib9]; [@bib17]; [@bib58]). Examples of compounds in the second class, which disrupt eIF4E interaction with eIF4G, include (a) sodium selenite, a compound that inactivates mTOR to promote the assembly of inhibitory eIF4E:4E-BP1 complexes ([@bib28]); (b) hydrogen peroxide, an oxidative agent that indirectly promotes binding of 4E-BP1 to eIF4E by promoting 4E-BP hypophosphorylation ([Fig. 1](#fig1){ref-type="fig"} B1; [@bib27]); and (c) tRNA-derived stress-induced RNAs (tiRNAs) produced by angiogenin-induced cleavage of mature tRNAs that displace eIF4G/eIF4A from cap-bound eIF4E ([@bib26]; [@bib41]). tiRNA-repressed PICs are then assembled into SGs with help from the RNA chaperone YB-1 ([Fig. 1](#fig1){ref-type="fig"} B3; [@bib66]). In some cases (e.g., treatment with antineoplastic vinca alkaloid drugs), both eIF4F complex-- and ph-eIF2α--mediated translation inhibition contribute to SG assembly ([@bib91]). Similarly, under conditions of nutrient starvation, both eIF2α phosphorylation (via GCN2) and inactivation of mTOR signaling are required for SG formation, although this mechanism selectively packages mRNAs bearing 5′-terminal oligopyrimidine tracts (5′TOPs) into SGs ([@bib22]; [@bib42]). As a common theme, each of these mechanisms inhibits the assembly of eIF4F and promotes the assembly of noncanonical PICs and SGs. Finally, it is important to emphasize that untranslated mRNAs are essential and defining components of SGs. As such, pharmacologic interventions (e.g., cycloheximide and emetine) that trap mRNAs at polysomes prevent SG assembly. In contrast, treatment with puromycin, an antibiotic that promotes polysome disassembly, potently stimulates SG assembly ([@bib50]).

SGs are compositionally and functionally diverse {#s03}
================================================

Proteomic and genetic screens have identified hundreds of proteins that either are components of SGs or modulate their assembly ([@bib76]; [@bib44]). A stalled PIC including 40S ribosomal subunits and diverse RNA-BPs is included in a hypothesized, relatively stable SG "core" that may be biochemically purified or visualized using electron or superresolution fluorescence microscopy ([@bib87]; [@bib44]). One study showed that ∼50% of SG proteins lack annotated RNA-binding domains, suggesting that protein--protein interactions play important roles in SG assembly. Such non-mRNP components include various adaptor/scaffolding proteins and diverse enzymes such as protein/lipid kinases and phosphatases; methyl-, glucosyl-, and ribosyltransferases; GTPases; ATPases; ubiquitin-modifying enzymes; and RNA or DNA nucleases and helicases ([@bib44]). SGs also contain molecules involved in diverse signaling pathways, allowing them to function as RNA-centric signaling hubs that communicate a "state of emergency" to other signaling and metabolic pathways ([@bib53]). Importantly, the composition of SGs is different in cells subjected to different types of stress, as seen during treatment with the chemotherapy drugs sodium selenite and vinca alkyloids. Whereas vinca alkaloid--induced SGs are similar to canonical SGs induced by sodium arsenite ([@bib91]), selenite-induced SGs lack the SG marker eIF3 and exhibit reduced recruitment of 40S ribosomal subunit proteins ([@bib28]). Remarkably, whereas vinca alkaloid-- or sodium arsenite--induced SGs are anti-apoptotic and promote cell survival, selenite-induced SGs inhibit cell survival (although effects of these drugs on cellular metabolism may be pleiotropic and also act through SG-independent mechanisms). Thus different SG subtypes with different composition (e.g., lacking canonical components such as eIF3) may have opposite effects on cellular metabolism and survival.

Intrinsically disordered protein regions {#s04}
========================================

To organize complex biochemical reactions, eukaryotic cells assemble membrane-enclosed and non--membrane-enclosed compartments that have specialized functions. Membrane-enclosed compartments include the nucleus, mitochondria, Golgi complex, and lysosomes. Non--membrane-enclosed compartments include nucleoli ([@bib36]), Cajal bodies ([@bib20]), P bodies, and SGs ([@bib14]). Until recently, the physical forces that maintain non--membrane-enclosed entities as stable structures within the cell have been mysterious. Recent studies have shown that weak interactions between low-complexity and intrinsically disordered protein regions (IDPRs) can facilitate a phase separation that concentrates these proteins into discrete subcellular domains ([@bib94]; [@bib47]; [@bib11]; [@bib75]). IDPRs differ from structured proteins in amino acid composition, complexity, charge, flexibility, and hydrophobicity: they are deficient in order-promoting amino acids, such as Ile, Leu, Val, Trp, Tyr, Phe, Cys, and Asn and enriched in disorder-promoting amino acids such as Ala, Arg, Gly, Gln, Ser, Pro, Glu, and Lys. IDPRs are highly dynamic in that they can rapidly move from compact to extended conformations ([@bib113]; [@bib93]; [@bib102]; [@bib100]).

The abundance of IDPRs increases with organism complexity: eukaryotic proteins typically have more IDPRs than bacteria or archaea to fulfill more complex tasks such as signaling or intercellular communication ([@bib105]; [@bib81]). The lack of a specific tertiary structure gives IDPRs the ability to serve as hub proteins that bring together proteins and nucleic acids required for a specific function ([@bib59]; [@bib85]). Binding to specific substrates can determine the structural conformation that they adopt ([@bib59]; [@bib99]). Their conformation can also be modulated by post-translational modifications (PTMs) found within or in close proximity to IDPRs, allowing context-dependent modulation of their structure ([@bib39]; [@bib80]). Indeed, some PTMs regulate not only the conformation of SG-associated proteins but also the assembly of SGs. Phosphorylation of the SG-nucleating protein G3BP within its IDPR (at serine 149) impairs its ability to induce SG formation ([@bib95]; [@bib54]). Similarly, MK2-induced phosphorylation of the SG-nucleating protein tristetraprolin on serine residues 52 and 178 triggers its egress from SGs ([@bib89]; [@bib52]). Because PTM sites have been linked to specific disease phenotypes ([@bib62]), IDPR structural alterations and their effects on SG assembly may contribute to the pathogenesis of cancer, cardiovascular disease, diabetes, and neurodegenerative disease ([@bib101]).

Liquid--liquid phase separation {#s05}
===============================

In some cases (e.g., P granules found in one-cell-stage *Caenorhabditis elegans* embryos or *Xenopus laevis* extrachromosomal nucleoli), IDPR-induced liquid--liquid phase separation (LLPS) produces spherical liquid droplets, a morphology that minimizes the interface with adjacent cytoplasm. These liquid droplets fuse with each other, exhibit "dripping" phenomena, rapidly (within seconds) rearrange their contents ([@bib12], [@bib13]; [@bib106]; [@bib11]; [@bib61]; [@bib79]), and reassume a spherical morphology after shear stress ([@bib12]). Although SGs are rarely spherical, several observations suggest that IDPR-induced LLPS may contribute to some aspects of their properties. IDPRs are found in many SG proteins, including TIA-1/R and G3BP, which play important roles in SG condensation ([@bib34]; [@bib46]; [@bib53], [@bib54]).

TIA-1 is composed of three N-terminal RNA recognition motifs (RRMs), an IDPR, and a glutamine-rich prion-related domain (PRD; [@bib50]; [@bib31]). Its PRD, which is essential for SG assembly, forms small spherical cytoplasmic bodies when overexpressed. Like amyloid proteins, the PRD can assume a protease-resistant conformation indicative of highly stable protein--protein interactions. Remarkably, the prion domain of yeast Sup35 can substitute for the TIA-1-PRD in SG condensation. These results suggest that a conformational change within the PRD can contribute to the nucleation of SGs. In support of this conclusion, an IDPR within Pub1, a yeast homolog of TIA-1, also promotes the assembly of liquid droplets in a salt- and temperature-dependent manner. Over time, these droplets are transformed into more rigid and less dynamic hydrogels, as revealed by FRAP analysis ([@bib63]). This transformation from liquid droplets to hydrogels and even insoluble amyloids was also observed using recombinant FUS, a protein involved in the pathogenesis of amyotrophic lateral sclerosis (ALS; [@bib16]; [@bib73]; [@bib79]). Furthermore, heterogeneous nuclear RNP A1 (hnRNPA1) is an SG protein ([@bib56]) that also promotes LLPS that depends on a C-terminal IDPR. Molecular crowding, electrostatic interactions, and RNA enhance hnRNPA1-induced phase transition ([@bib72]). Additionally, hyperosmotically induced stress can induce the formation of SGs via molecular crowding ([@bib10]; [@bib54]), which suggests a connection between LLPS and SGs.

The SG nucleator G3BP contains a structured NTF2-like domain and an RRM domain; IDPRs are found in an acidic region, a PxxP domain, and an RGG domain. G3BP has not yet been shown to promote LLPS, and the mechanism by which G3BP nucleates SG assembly is still elusive. Knockout of G3BP renders cells unable to form SGs in response to ph-eIF2α stresses or eIF4A inhibition, showing the importance of G3BP in SG assembly ([@bib54]). The RGG motif of G3BP interacts with 40S ribosomal subunits, connecting the translation machinery with SGs, and loss of this motif prevents G3BP from promoting SG assembly ([@bib54]). The NTF2-like domain oligomerizes ([@bib95]; [@bib104]; [@bib83]) and interacts with Caprin1 and USP10 in a mutually exclusive manner ([@bib54]). USP10 overexpression prevents SG formation, whereas Caprin1 promotes it, suggesting that this competition for G3BP includes a regulatory mechanism that modulates SG assembly. USP10 may prevent G3BP from nucleating SG assembly by locking G3BP in a conformation that influences the NTF2-like domain and mediates or prevents G3BP oligomerization. It is also possible that USP10 blocks the helicase function of G3BP ([@bib21]), as helicase activity of some proteins, e.g., DDX6/RCK, has been shown to be required for RNA granule assembly ([@bib76]).

The observation that SG proteins can promote the formation of liquid droplets that can transition into insoluble aggregates suggests that RNP granules may be linked to the pathological inclusions associated with neurodegenerative diseases such as ALS, frontotemporal lobar degeneration, and Alzheimer's disease ([@bib111]; [@bib103]). The recent discovery that 1,6-hexanediol, an aliphatic alcohol that disrupts weak hydrophobic interactions, dissolves liquid droplets without affecting insoluble aggregates may provide a tool to test this hypothesis. This reagent dissolves yeast P bodies but not low glucose--induced yeast SGs, indicating that the physical nature of these particular RNP granules is different. Because 1,6-hexanediol dissolves both mammalian P bodies and arsenite-induced mammalian SGs ([@bib60]), the relative contribution of low-affinity IDPR-induced LLPS and high-affinity amyloid-like aggregation to the assembly of different types of RNP granules is not obvious. It should be noted that low glucose--induced yeast SGs and arsenite-induced mammalian SGs have markedly different compositions and functions, making it unclear whether they are even orthologous granules ([@bib76]; [@bib53]; [@bib70]). Nevertheless, these experiments suggest that LLPS plays a role in some aspect of the assembly or maintenance of arsenite-induced nonspherical SGs in mammalian cells. Like liquid droplets, some components of these SGs are highly dynamic: FRAP analysis reveals that G3BP1, TIA-1/R, and PABP rapidly shuttle in and out of these granules ([@bib50], [@bib52]). In contrast, FMRP ([@bib30]), FASTK ([@bib52]), IGF2BP1 and HuR ([@bib6]), and CPEB ([@bib71]) are relatively fixed in these granules, suggesting a possible scaffolding function ([@bib52]). In stressed cells, mRNA transit studies revealed that roughly one third of endogenous mRNAs is diffusely scattered throughout the cytoplasm, one third shuttles in and out of SGs with a time constant of 300 s, and one third is immobile within SGs ([@bib115]).

The similarities and differences between SGs and liquid droplets might be reflected in the heterogeneity within the SG itself. Indeed, recent studies suggest that SGs are composed of stable cores surrounded by a more dynamic shell ([@bib44]; [@bib82]). [@bib82] propose two models that could lead to the assembly of these two-component granules. The first model posits that untranslated mRNPs promote the condensation of SG cores that then recruit a dynamic, morphologically amorphous shell. The cores may form more stable protein--protein aggregates over time, similar to the in vitro transition from liquid droplets to hydrogels to insoluble aggregates. The second model suggests that untranslated mRNPs promote LLPS to form liquid droplets held together by weak interactions. Core formation then results from higher-affinity interactions that form during a structural transition at the center of the droplet ([@bib82]). To test these models, a 1,6-hexanediol treatment should dissolve the shell component while leaving the core remaining. A related study investigating the biochemical and cellular behavior of engineered multivalent proteins found that scaffold proteins form phase-separated liquids. In this context, scaffold proteins recruit client proteins possessing similar interaction elements, provided that free scaffold binding sites are available. These studies suggest that RNP granule assembly is regulated by the availability of scaffold protein-binding sites ([@bib5]) and may explain how USP10 and Caprin1 regulate the ability of G3BP to mediate SG formation ([@bib54]).

Ribosomal proteins and SG assembly: A speculative model {#s06}
=======================================================

In both models, untranslated mRNPs are nucleators of SG cores; here, we propose that stalled 48S PICs can serve as a seed for SG condensation. As depicted in [Fig. 1 B](#fig1){ref-type="fig"}, there are at least three ways to form noncanonical PICs that stall translation initiation and nucleate SG assembly. Under these conditions, translating ribosomes run off the mRNA, and polysomes are disassembled. This results in long stretches of exposed mRNA, which might attract nucleating RNA-BPs such as TIA-1, by binding to 5′TOP motifs ([@bib22]), and G3BP, by interacting with the 40S ribosome ([@bib54]), thus increasing their local concentration and favoring LLPS, liquid droplet formation, and nucleation of SGs. At the same time, the noncanonical PIC is likely to expose the 40S ribosomal subunit interface, which would normally be covered by the 60S subunit, to recruit RNA-BPs, to either exposed 18S rRNA or ribosomal proteins, and nucleate SGs.

An analysis of the disordered regions within 40S ribosomal subunit proteins identified several candidates with IDPRs that might contribute to the condensation event. [Fig. 2 B](#fig2){ref-type="fig"} catalogs 40S ribosomal proteins with IDPRs that may mediate LLPS to nucleate SG assembly. Specific examples include (a) uS5 and eS30 proteins found at the mRNA entry site, which were identified in a functional RNAi screen as essential for SG assembly ([@bib76]); (b) exposed 40S ribosomal proteins known to tether the 40S head to the 40S platform region of neighboring ribosomes, leading to the formation of a condensed structure, in which mRNA cannot loop outside the polysome, hindering the ability of RNA-BPs to interact with mRNA ([@bib74]); and (c) ribosomal proteins residing at the 40S subunit solvent site or mRNA exit, including uS2, eS17, eS21, uS7, eS28, and eS26, that could recruit RNA-BP nucleators. The ability of G3BP to interact with isolated 40S ribosomal subunits, but not 80S ribosomes, allows it to mediate LLPS after the assembly of stalled PICs ([@bib54]).

![**Human 40S ribosomal proteins containing disordered regions.** (A) Images based on the crystal structure of the human 40S ribosomal subunit (protein database: [4UG0](4UG0); [@bib55]). Views from the 40S subunit solvent site (left), 40S subunit interface site (middle), and mRNA exit site (right). Disordered 40S ribosomal proteins at the mRNA entry sites (left and middle) are uS2 (red), uS5 (violet), eS21 (green), and eS30 (blue). Disordered 40S ribosomal proteins, which are located at the platform and close to the mRNA exit site, include uS7 (light blue), eS17 (dark red), eS26 (dark blue), and eS28 (orange). Ribosomal RNA and other 40S ribosomal proteins are shown in light gray. (B) Schematic representation of IDPRs in 40S ribosomal subunit proteins. The disordered regions are from the protein database website. The disorder calculations are based on the JRONN method ([@bib114]). Red, potentially disordered; blue, potentially ordered. Shown are the nomenclature of small ribosomal subunit names, the amino acid length, and the potentially disordered regions.](JCB_201609081_Fig2){#fig2}

Once the ribosomal SG seed is formed, the increased local concentration of SG nucleators and the stalled noncanonical PICs could act as a sink to recruit more SGs nucleators via IDPRs. Furthermore, the negatively charged and accessible mRNA stretches might also recruit more RNA-BPs via electrostatic interactions. Over time, proximal ribosomal seeds can fuse to form larger structures and become visible in the microscope. This event might give SGs their characteristic irregular structure ([Fig. 3 A](#fig3){ref-type="fig"}), a result of steric hindrance between the stalled 48S PICs.

![**Model of SG assembly and disassembly.** (A) Once nanoscopic SG seeds are formed ([Fig. 1 B](#fig1){ref-type="fig"}), nearby seeds attract each other via weak electrostatic interactions, interact with neighboring SG seeds, and coalescence to form irregular microscopically visible SGs. Microscopically visible SGs can fuse to produce larger SGs. (B) After stress release, events that promote SG disassembly may include increase in concentrations of ternary complexes; phosphorylation of 4E-BP by mTOR, releasing the eIF4E block; and reactivation of eIF4A activities. These events might trigger the formation of translationally competent PICs to reinitiate translation at the surface of SGs. Because translating ribosomes displace mRNA-bound RNA-BPs, those complexes are then detached from SGs. As SGs shrink, the Laplace pressure increases to promote further fusion with adjacent SGs. Over time, fewer and larger SGs appear before they eventually disappear from the cytoplasm. Other SG proteins such as USP10 can potentiate disassembly by maintaining G3BP in a soluble conformation. PTM of ribosomal and SG proteins might also contribute to the disassembly.](JCB_201609081_Fig3){#fig3}

Various forces can influence the size and conformation of condensing SGs. Because small SGs have a higher Laplace pressure (the pressure difference between the inside and outside of a curved surface) than larger SGs, they will tend to fuse with adjacent SGs, an effect known as Ostwald ripening ([@bib69]). Their final size may be controlled by the number of molecules used to build up the droplet ([@bib24]). The connection between molecule number and droplet size has been discussed elsewhere ([@bib32]; [@bib11]). The finding that overexpression of G3BP or TIA-1 leads to the formation of considerably larger SGs than those induced by environmental stress ([@bib95]; [@bib31]) suggests that the composition of SGs can also influence the ultimate size of the granule.

Live cell imaging has revealed that SGs move in the cytoplasm ([@bib52]). Ribosomes ([@bib90]; [@bib33]) as well as SGs interact with microtubules, and disruption of the microtubule network with nocodazole or vinblastine disrupts the formation of SGs ([@bib40]; [@bib19]). The attachment of ribosomes and SGs to microtubules suggests that nanoscopic SG seeds can be actively transported in the crowded cytoplasm. Furthermore, microtubule motor proteins have been shown to influence the assembly and movement of SGs ([@bib65]), supporting the notion of active transport. These mobile SG seeds may serve as concentration sinks in the cytoplasm that are affected by concentration differences, composition differences, electrostatic interactions, and Laplace pressures to grow into typical irregular SGs ([Fig. 3 A](#fig3){ref-type="fig"}).

Once stress is released, SGs disassemble and translation resumes. In addition, recent articles describe a dynamic remodeling process in yeast SGs that is dependent on ATP-dependent helicases and remodelers. ATP is required for SG assembly and dynamics ([@bib44]). Although PTM of SG proteins can promote SG disassembly, the detailed mechanism by which SGs are disassembled is not known. In mammalian SGs, disassembly occurs when the inciting stress is relieved, allowing resumption of protein synthesis, or in the case of cold shock SGs, when temperature is raised but before translation is resumed ([@bib38]). In the first case, it is likely that replenishment of translation initiation factors (e.g., ternary complex) allows translation to resume at the surface of the SG as stalled PICs are converted into polysomes ([Fig. 3 B](#fig3){ref-type="fig"}). This process would displace SG-nucleating proteins such as TIA-1/R and G3BP, shrinking the SG and increasing its Laplace pressure. This should promote fusion with adjacent SGs, a phenomenon that has been observed in cells allowed to recover from stress ([@bib1]; [@bib51]). In the second case, the rapid temperature-dependent disassembly of cold-shock SGs upon warming is evidence for LLPS ([@bib38]). Disassembly can also be influenced by activities of heat shock proteins, such as HSP70. Pharmacological inhibition of HSP70 delays SG disassembly ([@bib29]), and the concentration-dependent aggregation of the PRD domain of TIA-1 is inhibited by HSP70 overexpression ([@bib31]). It suggests that HSP70 can act as a disaggregase and play a role in SG surveillance and dynamics. Interestingly, the overexpression of USP10 prevents the formation of SGs by directly binding G3BP via an FGDF motif ([@bib54]). This motif is also found in the nonstructural protein 3 (nsP3) of Semliki Forest virus ([@bib77], [@bib78]; [@bib83]), suggesting that USP10 and nsP3 may influence the physical state of G3BP to influence SG formation. Last, PTMs of ribosomal proteins and SG proteins may cooperatively influence SG dynamics. Methylation of G3BP at R447 has been proposed to affect interactions with the 40S ribosomal subunit and repress SG formation ([@bib96]). In addition, ER stress--induced ubiquitination within IDPRs of uS5 and uS3 has been proposed to contribute to reprogramming of protein translation ([@bib37]).

Concluding remarks, problems, and perspectives {#s07}
==============================================

Experiments performed in cell-free systems have nicely revealed how individual proteins bearing IDPRs can promote LLPS to produce non--membrane-enclosed bodies. Just as environmental conditions (e.g., ionic composition and strength, pH, temperature) can coax individual proteins to aggregate into crystals in vitro, specific environmental conditions can also coax many proteins bearing IDPRs to undergo LLPS to assemble droplets, hydrogels, and aggregates. In cells, the assembly of multicomponent RNA granules is vastly more complex. This is further complicated by the ability of PTM of individual proteins and RNAs to influence granule assembly. Thus, our current state of knowledge is not sufficient to fully understand how RNA granules are assembled and disassembled within living cells.

Despite our incomplete understanding of granule assembly, the link between RNA granules and aggregation events that contribute to neurodegenerative diseases such as ALS, frontotemporal lobar degeneration, and Alzheimer's disease makes it imperative that we learn more about these mechanisms. It is clear that the large-scale rearrangements of molecules accompanying SG assembly and disassembly are tightly regulated processes, and defects in their organization may influence cellular metabolism and survival under stress. Because dysregulated aggregation of proteins or mRNPs can impair cellular functions, redundant mechanisms that disassemble or remove aggregates have evolved ([@bib98]; [@bib25]). In addition, PTMs such as phosphorylation, ubiquitination, and polyuridylation can be used to tag proteins and RNAs for removal ([@bib110]). Studying the molecular mechanisms by which LLPS leads to droplet formation and subsequent aggregation, as well as the relationship between physiological RNA granules and pathological aggregates, could improve our understanding of the pathogenesis of neurodegenerative disease.

Finally, it is important to note that most of what we know about SGs was discerned from traditional structural and microscopy techniques. Development of new approaches that allow study of such heterogeneous, dynamic, and amorphous entities as SGs is a major challenge for the future. Recent progress in superresolution microscopy, such as development of lattice light-sheet microscopy, may provide new insights into SG biology. These methods have already advanced studies of complex biological processes such as embryogenesis and entry of viruses into living cells/organisms. It will be exciting to apply these and other new technologies to studies of SG assembly and disassembly.
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